has been observed following the resuscitation from neonatal hypoxic-ischemic injury, but its mechanism is not known. We address the hypothesis that reduced CBF is due to a change in nitric oxide (NO) and superoxide anion O 2 Ϫ balance secondary to endothelial NO synthase (eNOS) uncoupling with vascular injury. Wistar rats (7 day old) were subjected to cerebral hypoxia-ischemia by unilateral carotid occlusion under isoflurane anesthesia followed by hypoxia with hyperoxic or normoxic resuscitation. Expired CO2 was determined during the period of hyperoxic or normoxic resuscitation. Laser-Doppler flowmetry was used with isoflurane anesthesia to monitor CBF, and cerebral perivascular NO and O 2 Ϫ were determined using fluorescent dyes with fluorescence microscopy. The effect of tetrahydrobiopterin supplementation on each of these measurements and the effect of apocynin and N -nitro-L-arginine methyl ester (L-NAME) administration on NO and O 2 Ϫ were determined. As a result, CBF in the ischemic cortex declined following the onset of resuscitation with 100% O2 (hyperoxic resuscitation) but not room air (normoxic resuscitation). Expired CO2 was decreased at the onset of resuscitation, but recovery was the same in normoxic and hyperoxic resuscitated groups. Perivascular NO-induced fluorescence intensity declined, and O 2 Ϫ -induced fluorescence increased in the ischemic cortex after hyperoxic resuscitation up to 24 h postischemia. L-NAME treatment reduced O 2 Ϫ relative to the nonischemic cortex. Apocynin treatment increased NO and reduced O 2 Ϫ relative to the nonischemic cortex. The administration of tetrahydrobiopterin following the injury increased perivascular NO, reduced perivascular O 2 Ϫ , and increased CBF during hyperoxic resuscitation. These results demonstrate that reduced CBF follows hyperoxic resuscitation but not normoxic resuscitation after neonatal hypoxic-ischemic injury, accompanied by a reduction in perivascular production of NO and an increase in O 2 Ϫ . The finding that tetrahydrobiopterin, apocynin, and L-NAME normalized radical production suggests that the uncoupling of perivascular NOS, probably eNOS, due to acquired relative tetrahydrobiopterin deficiency occurs after neonatal hypoxic-ischemic brain injury. It appears that both NOS uncoupling and the activation of NADPH oxidase participate in the changes of reactive oxygen concentrations seen in cerebral hypoxic-ischemic injury.
HYPOXIC AND ISCHEMIC INJURY in the brains of neonatal infants leads to morbidity, much of which appears in the form of developmental cognitive and motor defects. Considerable effort has been devoted to the goal of understanding the pathophysiology of this type of injury to develop possible therapeutic interventions (40) . In this regard, the study of the mechanisms that lead to delayed tissue is of great interest.
A compromise of cerebral vascular function due to a loss of vascular reactivity may be an underlying cause of cerebral injury due to hypoxia-ischemia (H/I) (29) . One important determinant of vascular tone and function is nitric oxide (NO), produced by endothelial NO synthase (eNOS, NOS3).
A phenomenon that has gained increasing attention for its influence on blood flow and an underlying cause of vascular injury under pathological conditions is the uncoupling of eNOS, which reduces NO production and results in the production of superoxide anion (O 2 Ϫ ) by eNOS. Although eNOS coupling appears to be developmentally regulated in the neonate in other vascular beds (24) , there have been few assessments of this phenomenon in the central nervous system.
Although not invariably seen, oxidative stress has been shown to be capable of altering eNOS cofactors such as tetrahydrobiopterin (BH 4 ) that lead to the uncoupling of eNOS (15, 42) . The production of O 2 Ϫ by NADPH oxidase in endothelial cells is also thought to be important in establishing vascular tone in response the various stimuli. O 2 Ϫ may react with NO and reduce its concentration and react with BH 4 or eNOS to change its activity or uncouple it, resulting in a further increase in O 2 Ϫ production (26). Here we used an in vivo method to examine the hypothesis that neonatal H/I will impair perivascular production of NO and increase O 2 Ϫ and that these effects can be reversed by a replenishment of the NOS cofactor BH 4 . We also examined the effect of apocynin, an inhibitor of NADPH oxidase, and N -nitro-L-arginine methyl ester (L-NAME), an inhibitor of NOS. We also determined whether cerebral blood flow (CBF) paralleled some of these effects in this model.
METHODS
Neonatal H/I injury. All procedures involving animals were conducted according to criteria approved by the Institutional Animal Care and Use Committee at Baylor College of Medicine. Timed pregnant Wistar rats were purchased from a commercial breeder (Charles River), housed in individual cages, and fed a standard laboratory chow ad libitum. Offspring were delivered spontaneously and maintained with their dam; litters were culled to 10 on postnatal day 1 or 2. On postnatal day 7 (P7), H/I was induced as described by Rice et al. (32) with some modifications. The rats were given isoflurane in 100% oxygen in a chamber for induction (2%) and via a face mask for maintenance of anesthesia throughout surgery (2%). The left common carotid artery was exposed through a midline incision in the neck and thoroughly cauterized over a length of 5 mm with a bipolar cauterizing device. After recovery from anesthesia, the pups were returned to the dams, and 2 to 4 h after surgery, the rats were exposed to 7.8% oxygen at 37°C for 120 min. The pups subjected to hyperoxic resuscitation were resuscitated with 100% oxygen at 37°C for 2 h. Pups subjected to normoxic resuscitation were exposed to 21% oxygen at 37°C for 2 h. Sham-operated pups underwent anesthesia and surgery without carotid occlusion, and they were subjected to hypoxia and hyperoxia as above. The pups were then returned to the dam.
Treatment groups. Hyperoxic resuscitation was used for all pharmacological treatment groups. Groups of pups prepared as above consisting of equal numbers of males and females were injected intraperitoneally with 20 mg/kg of BH 4 [(6R)-5,6,7,8-tetrahydrobiopterin dihydrochloride; Sigma-Aldrich], in 80 l 1% acetic acid and 4 mg/kg apocynin (4-hydroxy-3-methoxyacetophenone, Sigma-Aldrich) in 80 l PBS, or 12.5 mg/kg L-NAME (Sigma-Aldrich) in 80 l PBS, sterile filtered, with the first dose following hyperoxia and again the following morning. Control pups received 80 l of sterilefiltered carrier on the same schedule. The doses for BH 4 (12, 16) , L-NAME (30) , and apocynin (7, 25) were based on prior literature reports that described their effects and specificity. In general, at the doses used, these agents have been shown to be specific with effects relevant to these experiments.
Fluorescent analysis of NO and superoxide production in H/I injury. Following a survival of 30 min, 2 h, or 24 h, the pups were anesthetized by isoflurane inhalation and injected intraperitoneally with 4,5-diaminofluorescein diacetate (DAF-2 AC), 10 l of a 5 mmol/l stock solution in dimethylsulfoxide, for visualization of NO production or with dihydroethidium (DHE, Sigma-Aldrich), and 0.5 mg in 10 l of dimethylsulfoxide, for visualization of O 2 Ϫ . The external jugular vein was exposed via incision and blunt dissection for free hand injection of acetylcholine. In some cases the pups were kept anesthetized, and an equal amount of either dye was injected intracardially 1 to 3 min before transcardial perfusion and fixation. Some pups were left uninjected as controls for endogenous fluorescence.
DAF-2 AC is a derivative of fluorescein, developed as a means of localizing NO production in tissue. It readily diffuses through cellular membranes and becomes deacetylated to produce diaminofluorescein in smooth muscle cells of vascular walls where a reaction with NO produces a highly fluorescent product in a concentration-dependent manner. It is specific for NO and does not react with other reactive oxygen species under physiological conditions (17) . These methods were an adaptation for the neonatal model of a method published by Gerzanich et al. (10) . DHE (3,8-diamino-5,6-dihydro-5-ethyl-6-phenylphenanthridine) is a fluorescent indicator for the production of O 2 Ϫ in vivo (3). Whereas there is evidence that DHE reacts with other reactive oxygen species under certain conditions, it does not react with NO (2).
Twenty minutes after an intraperitoneal injection of the dye, acetylcholine (10 l of a 10 mM solution in normal saline) was injected intravenously via the external jugular vein to stimulate eNOS activity (9) . After an additional 5 min, the animals were euthanized by pentobarbital sodium injection (130 mg/kg ip) and perfused transcardially with ice-cold normal saline followed by an excess of 2% gluteraldehyde in a 0.1 phosphate buffer (pH 7).
The brains were then quickly removed and flash frozen in 2-methylbutane and dry ice. Frozen sections were prepared and examined using a Nikon Eclipse 80i epifluorescence microscope. Some sections were treated with 50 mM glycine and 0.1% Tween 20 in PBS for 30 min to suppress gluteraldehyde-induced fluorescence. An image analysis of digitized photomicrographs using ImageJ software (freely available from the National Institutes of Health) was done to measure fluorescence intensity in cortical vascular tissue affected by H/I compared with nonischemic cortex. Fluorescence intensity measurements were made of the region of the vessel wall, and background fluorescence was subtracted to obtain fluorescence intensity of the perivascular region. The localization of the hypoxic ischemic areas was based on the distribution of injury as determined by hematoxylin and eosin-stained sections from animals subjected to the same H/I injury after 24 h survival, which corresponded closely to previously published results for the same animal model (33) . For such comparisons, regions of the parietal cortex were examined ipsilateral and contralateral to the carotid occlusion. The pia and arachnoid mater were excluded from the analysis. The ratio of the mean fluorescence intensity of vessels in the ipsilateral and contralateral cortex on the same section was determined for each animal, thus these measurements were semiquantitative in nature.
CBF changes immediately following H/I injury. Rat pups (7 day old) were subjected to cerebral H/I as described in Neonatal H/I injury, except that immediately following hypoxia, the pups were anesthetized by inhalation with isoflurane and 100% or 21% oxygen and the calvarium exposed by incision. Measurements of CBF were made using a fiberoptic laser-Doppler device with dual probe tips oriented perpendicular to the calvarium bilaterally over the frontoparietal cortex. Laser-Doppler determination of CBF correlates well with other methods of measuring CBF in hypoxia and ischemia in rats, and the thin, translucent calvarium of most of the P7 rats enables monitoring of CBF in real time without opening the skull (6) . The monitoring of CBF was continued in this manner for at least 2 h. CBF measurements were normalized to baseline in each subject. These groups were not injected with acetylcholine.
Measurement of expired CO 2. The differences in recovery from hypocapnea that develop during hypoxia may account for the differences in results in the hyperoxic and normoxic resuscitation groups. Thus expired CO 2 was determined during resuscitation using a microcapnographic instrument with response times of Ͻ1 s (model CI240, Columbus Instruments, Columbus, OH). The instrument was calibrated according to manufacturer's recommendations. Groups of P7 pups were subjected to hypoxia with normoxic or hyperoxic resuscitation as described in Neonatal H/I injury. Measurements of expired CO 2 were done on unanesthetized pups using a nose cone before the onset of hypoxia and at 5, 30, 60, 90, and 120 min of resuscitation after hypoxia.
Statistical analyses. Comparisons between group means were done using independent group analysis of variance with post hoc tests of group difference significance done using the freely available statistical programming package from the R Project (http://cran.r-project.org). Statistical significance was assumed if P Ͻ 0.05.
RESULTS

Injury produced by H/I.
Hematoxylin and eosin-stained coronal sections examined after 24 and 72 h showed some changes after 24 h with the appearance of pyknotic neuronal cell bodies in cortical and hippocampal cell layers. After 72 h, much more extensive changes were seen on the hypoxic ischemic side of the brain with the loss of neurons of most cell layers in the cortex, hippocampus, and striatum (Fig. 1) . In general, pups tolerate the period of hypoxia well, becoming inactive and sedate, and return quickly to normal activities upon resuscitation.
Relative regional production of NO (by DAF-2 AC fluorescence) and O 2
Ϫ (by DHE fluorescence). Fluorescent product was apparent in vessel walls of the brains of animals injected with DAF-2 AC. This fluorescence was visible in pia matter and the choroid but reduced in vessels in hypoxic-ischemic cortex at 30 min, 2 h, and 24 h. (Fig. 2) . In animals injected with DHE, there was fluorescent product seen in the pia mater and the choroid, but little was apparent in the parenchyma of tissue not affected by H/I (Fig. 3) . Within the region of the hypoxic-ischemic effect, there was a general increase in fluorescence, and visual inspection and intensity quantitation demonstrated that this fluorescence was more intense in blood vessel walls at all survival intervals (Fig. 4) . Measurements of fluorescence intensity of perivascular tissue confirmed that there was a significant increase in the DHE fluorescence ratio present in ischemic versus nonischemic tissues at 2 and 24 h and a significant decrease in DAF-2 AC fluorescence ratio when ischemic and nonischemic tissues were compared after 24 h (Fig. 4) . In animals that were not injected with dye, glutaraldehyde-induced fluorescence was seen in the pia arachnoid and choroid plexus but only faint fluorescence was noted in the parenchyma and associated vasculature (data not shown).
Hyperoxic resuscitation versus normoxic resuscitation.
DHE staining in tissue affected by H/I was not significantly different in animals resuscitated with 2 h of 100% oxygen compared with those resuscitated with room air. DAF-2 AC staining in normoxic resuscitated pups was significantly higher than it was in pups resuscitated with 100% oxygen in tissue subjected to H/I (Fig. 5) .
Effects of BH 4 , apocynin, and L-NAME treatment. Treatment with tetrahydrobiopterin increased CBF at 2 h posthypoxia compared with that in controls (Fig. 6 ). The ratio of DHE reaction product in the hypoxic-ischemic tissue to that in nonischemic tissue was reduced in animals treated with BH 4 , apocynin, and L-NAME compared with that in controls after (Fig. 6) .
CBF following hypoxic-ischemic injury. Laser-Doppler measurements of CBF showed a significant reduction in CBF over the 2 h following hypoxic-ischemic injury in animals subjected to H/I with hyperoxic resuscitation but not with normoxic resuscitation. Treatment with BH 4 resulted in a significant increase in CBF during hyperoxic resuscitation. CBF in the sham-operated hypoxic-ischemic group was not significantly different from normoxically resuscitated subjects or subjects treated with BH 4 and hyperoxic resuscitation (Fig. 7) .
Expired CO 2 during resuscitation. Rat pups had lower than normal expired CO 2 following hypoxia. Hypocapnea recovered similarly in normoxia and hyperoxia resuscitation groups (Fig. 8) . There is a small but significant increase in NO in normoxic resuscitated pups compared with hyperoxic resuscitation pups (*P Ͻ 0.05 by t-test, n ϭ 5 in each group, DAF-2 AC intensity ratio, normoxia vs. hyperoxia). DHE staining for superoxide shows no difference in normoxia and hyperoxia resuscitation (n ϭ 4 in each group). Error bars are means Ϯ SD. Ϫ (DHE) and NO (DAF-2 AC) levels in hyperoxically resuscitated groups. Control, carrier only (n ϭ 4 in each group); Apo, apocynin (n ϭ 4 in each group); L-NAME, N -nitro-L-arginine methyl ester (n ϭ 4 in each group); BH4, tetrahydrobiopterin (n ϭ 5 in each group). *P Ͻ 0.05 for significant difference from respective control group, ANOVA with Dunnett post hoc test. Error bars are means Ϯ SD. Fig. 7 . Cerebral blood flow (CBF) measured by laser-Doppler (CBFLD) flowmetry following H/I injury. All measurements are normalized to CBF at the beginning of the monitoring period. Hyperoxia indicates CBF measurements in hypoxic-ischemic cortex in animals treated with carrier only and subjected to hyperoxic resuscitation. BH4 plus hyperoxia indicates CBF measurements during hyperoxic resuscitation in hypoxic-ischemic cortex in animals treated with BH4 immediately after H/I. Normoxia indicates CBF measurements in hypoxic ischemic cortex in animals treated with carrier only subjected to normoxic resuscitation. Sham plus hyperoxia indicates CBF measurements in animals that did not undergo carotid occlusion and were exposed to hyperoxic resuscitation. The CBF in the hyperoxic group on the hypoxic-ischemic side is significantly lower than the Sham, normoxic, and BH4-treated groups (P Ͻ 0.05 by ANOVA with post hoc testing of group differences). Error bars are means Ϯ SD (n ϭ 4 in each group). Fig. 8 . Measurements of expired carbon dioxide during resuscitation with 100% oxygen (hyperoxia) or room air (normoxia.) Significant differences were seen between baseline measurements done before 2 h of hypoxia (Ϫ120 min) and 5-, 30-, 60-, and 90-min groups during resuscitation (P Ͻ 0.05 by ANOVA with post hoc testing of group differences, n ϭ 5 for both resuscitation groups or 10 for the baseline group). When comparing group measurements of expired CO2 done at the same time intervals following the onset of resuscitation, no significant differences were seen between hypoxia and normoxia resuscitation groups. Error bars are means Ϯ SD.
DISCUSSION
These results show for the first time the in vivo evidence that neonatal cerebral hypoxic-ischemic injury results in a decrease in vascular wall NO concentration and an increase in perivascular O 2 Ϫ production at a time when CBF is reduced. Treatment with BH 4 reversed these fluorescent changes and restored CBF, and L-NAME reduced O 2 Ϫ production relative to nonischemic cortex. In support of an interaction between NADPH and NOS, apocynin increased both perivascular O 2 Ϫ and NO production. Although we have not identified the source of these radicals, these effects are consistent with what is expected if there is significant uncoupling of eNOS due to BH 4 depletion (42) . In addition, these results support the idea that NADPH oxidase contributes to the increase in O 2 Ϫ and the reduction in NO seen in the injury (4) . Regardless of the source of O 2 Ϫ , an increase could result in a loss of BH 4 with an uncoupling of NO production from O 2 Ϫ and reduce the endothelial-dependent vasodilatory capacity of the ischemic tissue, rendering it susceptible to further injury (26) .
Limitations of the interpretation of our results include the possibility that the systemic administration of these antagonists had other effects, such as a change in blood pressure that may indirectly produce some of the findings seen here. Although our findings are consistent with the concept of uncoupling, other approaches to inhibit these enzymes will be necessary to confirm these results.
We also studied 2 h of hyperoxic resuscitation after an initial hypoxic-ischemic injury. Although many clinicians now strive to restrict exposure to hyperoxic resuscitation, hyperoxic resuscitation of various durations is commonly employed in clinical practice for infants suspected of H/I. There is a large body of evidence indicating that oxidative stress, including O 2 Ϫ production, is increased during reoxygenation and reperfusion following hypoxia (20) , consistent with the results seen here. This regimen has raised concerns about the potential hazards of an increase in oxidative stress (37) and has prompted the adoption of clinical precautions to prevent oxidative injury in neonates (1) . However, there is little data on the optimal use of oxygen in this period, and experimental work comparing hyperoxic and normoxic resuscitation shows mixed results. Some show no difference (35) , and others show increased injury associated with hyperoxic resuscitation (38) . Our prior work suggests that the duration of the initial ischemic injury alters subsequent oxygen free radical production and may be a factor in the differences reported in these studies (8) . Note also that some studies do show that hyperoxic resuscitation, as performed here, produces a more severe injury, and those deficits in resuscitation CBF may be a factor (22) . The main effect of hyperoxia compared with normoxia resuscitation in the present study was a reduction in perivascular NO production with comparable increases in O 2 Ϫ . In addition to the acute effects, endothelial-derived NO has a critical role in vascular remodeling and angiogenesis that may affect recovery from hypoxicischemic injury (36) .
Although the cause of reduced perivascular NO seen here has not been definitively established, the findings are compatible with eNOS uncoupling based on the perivascular location of the fluorescence and on the effects of the pharmacological agents employed. Oxidative stress may promote eNOS uncoupling through several mechanisms, including the oxidation of cofactors, kinase activation, and phosphorylation of eNOS (19) . eNOS is found in cerebral endothelial cells and some neuronal populations (5, 28) . Although much of the NO production in brain tissue in response to injury is due to the activity of neuronal NOS (nNOS) and inducible NOS (iNOS), eNOS releases smaller amounts of NO in response to physiological stimuli. The NO released from endothelial cells regulates local blood flow, platelet aggregation, and neutrophil adherence (13, 39) . Inhibition of iNOS and nNOS has been found to be protective in a rat model of cerebral H/I (11). In adult cerebral ischemia models loss of eNOS is deleterious, but it has not been studied in neonatal H/I. It is thought that the increased production of NO by iNOS and nNOS is partly responsible for the propagation of cerebral hypoxic-ischemic injury through the toxic effects of NO reaction products, particularly peroxynitrite (34) . Increased NO from eNOS may reduce cerebral injury by improving vascular flow in the adult stroke models. However, in hyperglycemic stroke in the adult, in which eNOS may be uncoupled as in the model studied here, the treatment with the nonspecific NOS inhibitor L-NAME reduces injury (31) .
Few studies have measured NO production under similar conditions, and none has specifically addressed vascular NO content in the neonate. Studies of the expression of eNOS protein and/or mRNA and NO production in the neonatal H/I model have shown mixed results (14, 21, 41) . Our results show that a decrease in net vascular NO in hypoxic-ischemic tissue may result from eNOS dysfunction rather than the level of NOS protein expression.
BH 4 serves as a cofactor for eNOS in that it binds to the enzyme in its dimeric state and enables the transfer of a free electron from the heme complex to L-arginine. Without BH 4 , the electron is diverted to molecular oxygen, producing O 2 Ϫ . BH 4 readily reacts with oxidative molecular species, rendering it inactive as an eNOS cofactor. An exposure of cultured endothelial cells to oxidative stress results in a loss of BH 4 , uncoupling of eNOS, and a decline of NO production that is restored by replenishment of BH 4 . Clinically, BH 4 is capable of improving vascular endothelial cell-dependent vasodilation and NO production in several conditions associated with a dysfunction of endothelial cell-dependent vasodilation (4a). Other studies on the ability of BH 4 to improve functional outcome are supported by these results.
